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Abstract At any given time, a tropical cyclone (TC) vortex has multiple intensity pathways that are
possible. We conceptualize this problem as a scenario where each of the TC's intensity pathways is a
distinct attractor basin, and a combination of several external and internal factors across multiple scales
dictates as to which of the many pathways the TC vortex actually takes. As with any complex system, it is
difficult to know the details of the multiscale processes that cause or initiate the tipping of the TC vortex
into an attractor basin. A stochastic shock arising from any of the various scales within a TC vortex and the
subsequent cross-scale energy transactions may rapidly increase the probability of the vortex intensifying
or weakening. To address this problem and apply our conceptual framework to actual TC case studies, we
formulate a novel scale-specific stochastic model that examines the multiscale energetics at and across
individual wave numbers within the TC vortex. The stochastic term is modeled in a realistic manner in
that the lower and higher wave numbers are treated differently. High-resolution Hurricane Weather and
Research Forecast model outputs of two Bay of Bengal TCs, Phailin (intensifying) and Lehar (weakening),
are used as case studies. An ensemble of intensity pathways is generated, and the nonstationary probability
distributions of the intensity transitions at each time are examined. Our approach is another step toward
an improved understanding of the stochastic dynamics of multiscale transitions of a TC vortex.

1. Problem Introduction
A number of external and internal sources and sinks serve to change the state of a tropical cyclone (TC)
vortex. The state variables refer to TC characteristics such as trajectory, structure, and intensity. Unlike
transitions in a TC's trajectory that is largely governed by large-scale characteristics (Marks & Shay, 1998),
intensity changes in TCs are the manifestation of highly complex, nonlinear dynamical energy exchanges
at and across multiple scales. As a result, transitions in TC intensities present a major challenge to the fore-
casters and emergency response teams. At any given time, there is a spectrum of possible intensity pathways
and multiple pathways that lead to the same intensification or weakening scenarios for a TC vortex. Thus,
we conceptualize the possible outcomes as nonstationary probability density functions (PDFs) of TC inten-
sities (Figure 1). The extremes of such transitions in TC intensity are rapid intensity changes composing
of rapid intensification (RI) and rapid weakening (RW)—defined as an intensity change of ±30 knots or
greater within 24 hr (Kaplan & DeMaria, 2003; Kotal & Roy Bhowmik, 2013; Wood & Ritchie, 2015). RI and
RW represent the lower probability and higher impact scenarios where the multiscale feedbacks and energy
exchanges within the TC vortex are distinctly different from their steady-state counterparts.

There are at least two distinct classes of scenarios through which a steady-state vortex may be pushed into
any of the intensifying or weakening configurations. First, a significant change in intensity may occur within
the vortex as a direct response to an abrupt external (atmospheric, oceanic, or land) forcing. Alternatively,
a change in intensity may occur as a result of stochastic internal dynamics. In the first case, the vortex
resilience relative to the magnitude of the external forcing determines the nature of the impact on the TC
structure and intensity. Examples of such a transition are when a TC weakens in an environment with high
vertical wind shear (DeMaria, 1996) or when a TC attains very high intensities in a low-sheared environ-
ment (Bhalachandran et al., 2019). Both of these scenarios are relatively easy to predict since knowledge
of the large-scale environment is more or less sufficient to predict the consequent behavior of the vortex to
considerably accuracy. The most difficult scenarios from a forecasting perspective are those where the exter-
nal and internal dynamical forcings are of comparable strength—for example, TC vortices in moderately
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Figure 1. (left) Schematic indicating a change in the state (characterized by variables such as intensity) of the TC
vortex as a result of multiple external or intrinsic sources and sinks acting at each time. The schematic illustrates that
there are multiple pathways possible for the TC vortex. The extremes, namely, RI and RW, are also highlighted. (right)
The many possible outcomes are conceptualized as nonstationary probability density functions of TC intensities (x).
TC = tropical cyclone; RI = rapid intensification; RW = rapid weakening.

sheared environments (Bhatia & Nolan, 2013; Rios-Berrios & Torn, 2017). Under such scenarios, stochas-
tic internal dynamics may force an unexpected change in TC intensity. For example, a stochastic transition
occurs as a result of a cascade of internal cross-scale interactions (provided the vortex is preconditioned in a
certain manner) under the absence of any abrupt external forcing such as wind-shear or landfall. The same
magnitude of external forcing can result in vastly different trajectories depending on the details of the TC's
internal stochastic dynamics making such situations a forecasting nightmare.

To better understand these stochastic transitions within the TC vortex, we first view the TC as a complex,
emergent system and study its dynamics subject to external and stochastic shocks. Such an approach is anal-
ogous to critical transitions and regime shifts articulated in complex system literature (Folke et al., 2010;
Holling, 1973; Park et al., 2013). Studies on a wide range of complex systems (the human brain, ecosystems,
financial markets, and socio-technological systems) have shed light on the importance of anticipating and
adapting to regime shifts in the state of these systems even when our understanding of the details of the sys-
tem behavior is limited (Beisner et al., 2003; Park & Rao, 2014; Scheffer et al., 2012). Such drastic shifts in the
state of the system are of great concern from a forecasting and risk analysis perspective. For highly stochas-
tic systems with alternative stable states (or attractor basins analogous to intensification and weakening in
this study), Scheffer et al. (2012) provide a review of the various early-warning indicators or generic markers
of transitions between the stable states in different complex systems. Indicators designed for complex sys-
tems cannot be used to forecast transitions in a deterministic sense. Under scenarios where deterministic
solutions are not possible, the best path forward may be to create an ensemble of scenarios to compute the
probabilities of intensity change at any given time. From these scenarios, we can then develop early warn-
ing indicators and resilience maps that indicate the regions that are more susceptible and regions that are
resilient to such external stressors.

Generic markers of TC (rapid) intensity changes developed to date are incapable of predicting the stochastic
tipping resulting from cross-scale interactions or otherwise (Bhalachandran et al., 2019). Stochastic shocks
may arise from any of the scales within and external to the vortex, and our current models and diagnostics are
not adept at capturing the effect of such shocks (Hendricks et al., 2010). The mere identification of thresholds
or tipping points between multiple stable states may not be very useful for highly stochastic systems. In
the case of such stochastic tipping, the thresholds are extremely nonstationary and emerge based on the
current state of the complex system (i.e., path dependency), making the problem of anticipating significant
transitions very challenging (Park, 2012; Rietkerk et al., 2004; Scheffer et al., 2009). Some progress has been
made to model a TC's trajectories in response to external and stochastic forcings (Emanuel et al., 2006), but
significant challenges need to be addressed before we can claim the same for TC (rapid) intensity changes.
In the following section, we present a brief overview of the past efforts made toward improved TC intensity
prediction from a stochastic stand point.

2. Strides Made Thus Far
Prior research has long recognized that given the nature of the complex system, stochasticity may arise in
our model simulations due to the incorrect specifications of the initial conditions for the vortex and the
environment. Lorenz, (1969, 1984) noted that a small difference in the initial condition can be amplified
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over the integration time and have an impact on the mesoscale and synoptic-scale fields. In addition to
the initial condition errors, uncertainty and stochasticity may arise from one of the following sources: (i)
numerical formulation (especially the nonlinear terms), (ii) misrepresentation of the model physics and/or
the sub-grid scale parameterizations, and (iii) inherent stochasticity in the internal dynamics (especially
convection; Berner et al., 2011; Judt et al., 2016). The latter is a particularly difficult problem as a mature
understanding of the stochastic nature of convection within a vortex will require a precise understanding of
how individual clouds of the order of a few kilometers impact a large system like a TC, that is of the order
of a few thousands of kilometers (Krishnamurti et al., 2005). Local convective processes are transient and
stochastic in that not every individual localized convective event is robust enough to have an impact at a
vortex scale. Nonetheless, some events aggregate and persist enough to have a system-scale response on TC
characteristics.

The primary interest here is not to merely simulate every single localized convective event within a TC
vortex. High-resolution three-dimensional models do capture the events at multiple scales. However, our
understanding of which of these localized, transient, and stochastic events cascade to have a significant
system-scale impact is still lacking. There is a critical need for a mathematical formalism to simulate the indi-
vidual and aggregate vortex-scale effect of the multiscale processes and quantify the probability of episodic,
stochastic transitions of a TC vortex between the many attractor basins.

Processes at different spatiotemporal scales within the vortex have different predictability limits beyond
which the forecast errors are too large in a TC model simulation. Judt et al. (2016) did a Fourier decomposi-
tion of the flow field within the vortex and investigated the error growth of individual wave numbers (WNs)
within TCs while imposing stochastic perturbations at various scales internal as well as external to the TC
vortex. Forecast errors in the small scales (WNs ≥ 20) were found to grow rapidly and limit their predictabil-
ity to around 6 to 12 hr. Medium scales (WNs 2–5) were found to have a predictability limit of 1 to 5 days, and
the large scales (WNs 0 and 1), whose predictability was tied strongly to the environment, had a predictabil-
ity limit of around 7 days. To account for the differences in the behavior of multiscale processes, researchers
have previously used ensemble simulations of perturbed initial conditions to achieve an improved forecast
as compared to individual deterministic forecasts (Berner et al., 2011; Finocchio & Majumdar, 2017; Judt &
Chen, 2016; Judt et al., 2016; Tao & Zhang, 2015; Zhang & Tao, 2013). The key message here is that the dif-
ferent scales (WNs) ought to be treated differently due to their varied spatiotemporal characteristics as well
as predictability in a model simulation.

3. The Way Forward
In the following sections, we introduce a scale-specific stochastic model that computes the probabilities of
episodic tipping of a TC vortex between a rapidly intensifying and a rapidly weakening configurations (two
attractor basins) in response to an ensemble of stochastic forcings. We start by numerically computing the
energetics within a TC vortex in the spectral space (at and across individual WNs) and then add a stochastic
term whose memory and amplitude are varied for individual scales. We model the stochastic shock such
that it may arise from or manifest in any of the scales within the vortex and then compute the probability of
such a stochastic transition at a vortex scale across an ensemble of scenarios.

3.1. Data and Model Description
TCs Phailin and Lehar experienced contrasting rapid intensity changes in late 2013 and are selected as case
studies here. Phailin rapidly intensified from 45 knots to 115 knots between 10 and 11 October 2013. Only 6
weeks later, Lehar reached an intensity of 75 knots, and concerns similar to Phailin were raised as the storm
approached land. However, over the next 18 hr, Lehar weakened rapidly to ∼30 knots, well before landfall.
The reader is referred to Bhalachandran, Nadimpalli, et al. (2019) for an in-depth analysis of these TCs.

The Hurricane Weather and Research Forecasting (HWRF) Model outputs are used in this study. HWRF is
the operationally adopted, 3-D (nonaxisymmetric), near-cloud-resolving framework that allows us to disen-
tangle and visualize the impact of the processes of interest associated with TCs (Tallapragada et al., 2014).
Simulations are performed using HWRF v3.5 that has three nested domains with 27-, 9-, and 3-km grid
spacing. There are 43 vertical levels, including 11 levels below 850 hPa for adequate resolution of the hurri-
cane boundary layer. The model is nonhydrostatically mapped on a rotated latitude-longitudinal, Arakawa
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Figure 2. Time-series plot of intensity for Phailin initialized on 12 UTC, 9 October 2013 (red line), and Lehar
initialized on 00 UTC, 26 November 2013 (blue line). The figure illustrates the contrasting rapid intensity changes
between the two tropical cyclones. Highlighted are the times at which the rapid intensification and rapid weakening
began and the tropical cyclones' respective landfall times.

E-staggered grid with a storm centered hybrid (sigma-p) coordinate in the vertical direction. This model was
developed by the National Centers for Environmental Prediction and the Hurricane Research Division and
is annually updated. Recent updates include improved surface and microphysics schemes and a new shallow
convective parameterization scheme (Mehra et al., 2018). The combination of Geophysical Fluid Dynam-
ics Laboratory surface physics, Slab (thermal diffusion) model, a simplified Arakawa-Schubert scheme for
cumulus parameterization, and Ferrier cloud microphysics along with Global Forecast System (GFS) plan-
etary boundary layer scheme is used here. Further details can be found in Tallapragada et al. (2014). The
initial and boundary conditions come from the GFS model.

The HWRF outputs for the high-resolution, inner-domain simulations are then transformed to a
storm-centric, cylindrical coordinate system (using a monotonic bicubic interpolation) with a grid spacing
of 𝛥r = 1 km and Δ𝜃 = 1 deg and a temporal resolution of 1 hr. We use a surface-minimum pressure centroid
at each time to calculate the center of the cylindrical coordinate system. The radial extent of the transformed
inner domain was 300 km.

HWRF simulations of Phailin and Lehar were performed with GFS initial conditions that captured the rapid
changes in intensity (12 UTC, 9 October 2013 for Phailin, and 00 UTC, 26 November 2013 for Lehar). Figure 2
compares the HWRF simulated intensity evolutions of Phailin and Lehar. Note that due to the relatively
small size of the Bay of Bengal basin, the life spans of these TCs and the time scales of their rapid intensity
changes are much smaller compared to the Atlantic or Pacific hurricanes.

3.2. Formulation of the Stochastic Model
The aggregate kinetic energy (KE) is a better representative of vortex-scale transitions as compared to a
surface-based metric of intensity (Powell & Reinhold, 2007). The aggregate KE combines the effect of the
intensity and structure of the entire vortex. With this in mind, we first formulate the different types of energy
pathways that can impact the KE at and across individual WNs in spectral space. This formalism is known
as scale interactions (Krishnamurti et al., 2005; Saltzman, 1957). Note that it is also possible to study these
multiscale energetics in the frequency domain where time is the dimension that is transformed. Prior studies
have used the formalism of scale interactions to study the energetics between events at multiple time scales
(e.g., interactions between the Madden-Julien Oscillation and other synoptic-scale events; Dubey et al., 2018;
Hayashi, 1980; Krishnamurti et al., 2017).

Here high-resolution HWRF outputs of the desired storms of interest are taken, and the necessary variables
are projected on to a storm-centric, cylindrical coordinate system. A Fourier transform is then performed,
and the resulting azimuthal harmonics of these variables are computed within the TC vortex during periods
of rapid intensity changes for the case studies of interest.

Equation (1) represents the KE of the mean flow (WN 0), and equation (2) represents the KE of WNs greater
than zero, associated with azimuthal asymmetries (eddies). The complete formal equations of the above
exchanges can be found in Text S1 in the supporting information.
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𝜕K0

𝜕t
= −

N∑

n=1
< K0 → Kn > + < P0 → K0 > − < K0 → F0 > . (1)

𝜕Kn

𝜕t
=< K0 → Kn > + < Kk,m → Kn > + < Pn → Kn > − < Kn → Fn > . (2)

Here the K0 and Kn represent the KE of WN 0 (mean flow) and WN n, respectively. Km and Kk are the kinetic
energies of WNs m and k that interact with WN n as a triad. Likewise, P0 and Pn represent the available
potential energy (APE) of WN 0 and WN n. The terms in angular brackets indicate exchanges that are positive
in the direction of the arrow. The KE of the mean flow (WN 0) could change either due to the transactions
of KE with other eddy scales (known as barotropic interactions) or due to a conversion of APE to KE on
the scale of the mean flow (known as baroclinic energy exchange) and frictional dissipation (F0). Term 1
in equation (2) represents the barotropic transfer of KE between the mean and eddies at each individual
scale, n. Term 2 in equation (2) represents the nonlinear exchange of KE across different scales. Term 3 in
equation (2) represents the baroclinic exchanges between APE to KE at each WN n, and the last term is the
loss to friction. The generation of APE is computed as the covariance of diabatic heating and temperature,
and the conversion from APE to KE is computed as the covariance of temperature and vertical velocity (see
Text S1 and Krishnamurti et al., 2005, 2007).

We then rewrite the partial differential equation for KE, K(n, t), as a first-order forward difference equation,
that is,

K(n, t) = K(n, t − Δt) + Δt ∗ 𝜕K(n, t)
𝜕t

, (3)

where the K(n, t) and K(n, t−𝛥t) represent the KE at each scale at the current time step and the previous time
step, respectively. The time step, 𝛥t, is 1 hr in this case. The 𝜕K(n,t)

𝜕t
term is computed using the right-hand

side of equations (1) and (2). Recall that this term represents the combined effect of the source and/or sink
terms that act to add or subtract energy at a given scale and time. At this stage, the mean-eddy, eddy-eddy,
and the APE to KE terms have been precomputed from model outputs at every time step (see Figure S1).

We now add a scale-specific stochastic forcing term 𝜉(n, t) to equation (3) in the following manner:

K(n, t) = K(n, t − Δt) + Δt ∗ 𝜕K(n, t)
𝜕t

+ 𝜉(n, t). (4)

The questions that are yet to be addressed are the following: (i) What is the nature of the perturbations? (ii)
What is the amplitude of perturbations? (iii) Does the stochastic forcing have memory or does it behave as
memory-less white noise? To answer these questions, we expand the 𝜉(n, t) term in the following manner:

𝜉(n, t) = 𝛼(n) ∗ 𝜉(n, t − Δt) + A(n, t) ∗ wt(t), (5)

where 𝛼(n) is a scale-specific memory parameter; A(n, t) is the scale-specific amplitude of the stochastic forc-
ing; and the wt(t) term represents a random number that is extracted from a Gaussian distribution whose
mean is 0 and variance 1.0 (white noise). At each time step, the stochastic forcing is applied according
to equation (5), and the K(n, t) is updated. As noted previously, the 𝜕K(n,t)

𝜕t
term is precomputed using the

right-hand side of equations (1) and (2) and invoked at each time step.

Note that this formulation is that of a first-order auto-regressive process where the stochastic forcing depends
on the value at the previous time step(s). The formulation described herein is a more sophisticated version
of the stochastic KE backscatter method (cf. equation 5 of Berner et al., 2011). The novel feature of our
implementation is the scale specificity in the memory (with decorrelation time, 𝜏) and amplitude terms.
Building-off the above-mentioned previous studies, we recognize that the asymmetries at lower WNs (WNs
0,1 and 2 to 5) have a higher persistence in time and, therefore, are associated with some memory. On the
other hand, the higher WNs (WNs > 5) are associated with no memory and are stochastic in nature. For this
purpose, we write 𝛼(n) as a step function which assigns a decorrelation time (𝜏) of 12 hr to WNs 0 and 1,
6 hr to WNs 2 to 5, and no memory to WNs > 5. The memory parameter, 𝛼(n), and the decorrelation time,
𝜏(n), are related in the following manner:
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Figure 3. Simulations of aggregate KE (sum of KE across all wave numbers; spatially averaged through the depth of
the vortex and between 0- and 300-km radii) for (a) Phailin and (b) Lehar. The gray lines represent individual
realizations with the addition of stochastic forcing. The dashed red line represents the aggregate KE computed without
any stochastic addition. KE = kinetic energy.

𝛼 = 𝜏 − 1
𝜏

. (6)

The forcing amplitude A(n, t) is 100th of the actual amplitude of K(n, t) computed using equations (1) and
(2) for each scale and time. In other words, the scale-specific forcing amplitude, A(n, t), mimics the actual
distribution of energies, K(n, t). Since the amplitudes of the KE (or power) across the different WNs is dis-
tributed in the form of a power law (i.e., the lower WNs carry the majority of the variance), the amplitude
of the stochastic term also follows suit.

A notable difference between the implementation presented herein and the stochastic KE backscatter
methodology is that their stochastic perturbation was added at the start of the forecast cycle for each ensem-
ble into the flow field. On the other hand, in our methodology, we have the model outputs a priori from
HWRF or an equivalent model. As a result, we have the “source-sink” terms computed at each time step. The
stochastic forcing is independent of the actual model run. The ensembles presented herein are diagnostic
ensembles in the sense that the actual fields of the environment or vortex are not perturbed. Only the effect
of such external and intrinsic fluctuations at asymmetries of various scales within the vortex is simulated
herein. Once we have the modified kinetic energies for each scale and time, we invoke Parseval's theorem
to derive the aggregate KE of the vortex. Parseval's theorem states that energy (or power) is conserved irre-
spective of whether we are working in physical space or Fourier space. Therefore, the system-scale KE is
just the sum of the kinetic energies at individual WNs.

This procedure is iteratively repeated to create an ensemble of scenarios, and the aggregate KE evolution
of the vortex is derived for each scenario. Finally, the number of transitions into either intensification or
weakening configurations is computed across the ensembles, and the probability of transition to either states
is presented. Note that it is not our intent to create a model that rivals or is independent of the state-of-the-art
three-dimensional models currently deployed to study TC behavior. Rather, our methodology is inclusive of
and dependent on their model outputs.

3.3. Sample Results and Discussion
Temporal evolution of the aggregated KE in Phailin and Lehar for an ensemble of 100 realizations generated
by stochastic forcing are shown in Figure 3. We use the aggregate KE averaged in radius and height within
the entirety of the vortex to track the vortex-scale transitions. The distribution of the realizations in Figure 3
is not bimodal, and the realizations cannot be classified into two bins such as RI or RW. The distribution of
the simulated ensemble indeed resembles the PDF of TCs in the real world where RI and RW are not the
only attractor basins; they merely represent the extremes among the many possibilities (cf. Figure 1).

The memory term in the stochastic forcing plays an important role in the buildup of the system-scale mem-
ory in KE leading to a positive feedback loop that may tip the vortex into a rapidly intensifying configuration.
Since the amplitude of noise mimics the actual distribution of KE, when the sink terms increase (e.g., when
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Figure 4. (a,b) Violin plots of the nonstationary PDFs of aggregated KE (across all ensembles) at each time for Phailin
(a) and Lehar (b). The red dots indicate the median of the PDFs (50th percentile). The trajectory of the median broadly
indicates the growth or decay of KE with time. The evolution of the median is analogous to the KE evolution without
any stochastic forcing (cf. red dashed lines in Figure 3). Additionally, the blue dots indicate the 5th and 95th percentiles
of the PDFs respectively. (c,d) The probability of RI at each time for Phailin and of RW at each time for Lehar. Here the
“RI” and “RW” are redefined as the 95th and 5th percentile of change in aggregated KE across all ensembles. KE =
kinetic energy; RI = rapid intensification; RW = rapid weakening; PDF = probability density function.

the conversion from potential to KE is reduced post-landfall or due to dry-air intrusion), the noise term also
reduces (negative feedback). The evolution of the two components of the noise term is shown in Figure S2.
There is a large variation in the timing of the rise and fall of KE (Figures 3a and 3b) in individual realiza-
tions. Judt and Chen (2016) observed in their ensemble simulation of a rapidly intensifying TC that while
the external forcing dictated the 24-hr probability of whether RI would occur or not in the first place, the
intrinsic dynamics of the vortex controlled the precise timing of when the RI occurs. Our results agree with
their conclusion as the variation in the stochastic forcing for the same environmental conditions results in
realizations with very different timings of intensification and weakening.

An analysis of the energetics at individual WNs helps us examine which scales dominate the system-scale
impact. In Phailin and Lehar, WNs 0 and 1 are seen to have a dominant impact (Figures S3 and S4). Since
the KE distribution in a TC follows a power law (Krishnamurti et al., 2005, 2013), the energy content in the
higher WNs (e.g., Figures S4d and S5d) are several orders of magnitude smaller than that of WN 0 or WN
1. This is not to say that the higher WNs are unimportant since the cross-scale feedbacks ensures that the
signatures of the higher WNs are projected onto the lower WNs (cf. equation (2)).

The nonstationary PDFs of aggregated KE across all ensembles at each time indicate an increase in variance
increases with time (as evidenced by the broadening of the PDF violins) due to the memory and feedbacks
discussed above (Figures 4a and 4b). The increased variance is especially evident during the periods post the
critical transitions in both Phailin and Lehar (time period after 36 hr). The ensemble coefficient of variance
(Ratio of Standard Deviation to Mean at each time) is significantly higher (almost twice) during Lehar's RW
than Phailin's RI (Figure S5). These results suggest that an increased variance and coefficient of variance
might serve as early warning indicators of TC rapid intensity changes consistent with the prior literature on
critical transitions in other systems (Scheffer et al., 2012).

A prerequisite to a probabilistic forecast based on this ensemble is establishing the reference thresholds. In
highly stochastic systems, an idea of a fixed threshold might mislead us into drawing incorrect conclusions.
These thresholds emerge from the system dynamics (Park, 2012). Let us say that we track the number of
realizations that underwent a rapid increase or decrease in KE over the course of the simulation. The sim-
ulations are for KE and not intensity. Recall that RI and RW are defined as a change in intensity of at least
30 knots over 24 hr corresponding to the 95th percentile of intensity change in TCs over a long period (∼30
years) in a particular basin (Kaplan et al., 2010). However, there is no equivalent definition for RI or RW in
terms of energy. One way forward is to plot a PDF of the change in 24-hr KE computed between each time
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t and t + 24 across all the realizations. Consequently, the number of realizations that underwent the 95th
percentile of change in KE may be compared to the total number of realizations. Using this approach, the
probability of Phailin undergoing RI and Lehar undergoing RW are plotted at each time (Figures 4c and 4d).
In this manner, our framework facilitates the probabilistic forecasting of TC intensity changes based on the
short-term evolution of an ensemble of trajectories.

A key point to note is that there is a difference in the timing of RI/RW predicted using intensity (Figure 2) and
in the probabilities for the 95th (and 5th) percentile of the aggregate KE (Figures 4c and 4d). This suggests
that the KE changes much slower than the instantaneous peak wind (intensity). This behavior is expected
given that the aggregate KE is a system-scale estimate, while the intensity is based on noisy instantaneous
values. Such a difference in response implores us to understand the relationship between aggregate KE and
the peak wind better (Maclay et al., 2008; Powell & Reinhold, 2007). However, as we point out in section 1,
the objective of this work is not to predict RI but to develop a conceptual framework that provides us with
an improved understanding of the stochastic intensity transitions in TCs.

4. Concluding Remarks
This article is part of a special issue titled Nonlinear Geophysics: Past Accomplishments and Future Chal-
lenges. Here we first review the past advances and challenges pertaining to TC rapid intensity changes,
predictability, and multiscale interactions. As a step toward an improved understanding of TC intensity
transitions, here we present a new conceptual framework to characterize the spectrum of possible inten-
sity pathways for a TC vortex at any given time and quantify the nonstationary probability distributions
of stochastic intensity transitions. The salient feature of this framework is the modeling of scale-specific
stochasticity and cross-scale feedbacks within a TC.

Diagnostics for detecting TC (rapid) intensity changes have been developed primarily using the large-scale
environmental characteristics (Kaplan & DeMaria, 2003; Kaplan et al., 2010; Rozoff et al., 2015). In a
stochastic system, the same external forcing can have a variety of responses depending on the TC's internal
dynamics. It is insufficient to diagnose the transitions of complex systems in a deterministic sense. Stochastic
shocks will always play an important role in triggering intensity changes even in the absence of a major exter-
nal event (provided the vortex is preconditioned a certain way). Recent studies have sought to vortex-scale
dynamical and thermodynamical factors in addition to the large-scale variables (Bhalachandran et al., 2019;
Hendricks et al., 2010). The processes within the vortex occur at multiple scales, and the challenge of
segregating which of the many scales to include and which to discard remains largely unresolved.

Since it is difficult to know the details of the processes at multiple scales that may trigger or tip the vortex
into one of the many attractor basins, we take an alternative approach. We examine the various energy
transactions and feedbacks that occur at and across individual WNs and, importantly, how they impact
the vortex at a system scale. At the core of our framework is a scale-specific stochastic model. Combining
this with HWRF model outputs of case studies Phailin (intensifying) and Lehar (weakening), we compute
the probabilities of episodic tipping of a TC vortex between the multiple attractor basins in response to an
ensemble of stochastic forcings. A novel aspect of this study is that the memory parameter and amplitude of
the stochastic term are tailored for individual scales. The stochastic shock is modeled such that it may arise
from any of the scales within and external to the vortex. By modeling the stochastic term in a scale-specific
manner, we show that it is possible to create ensembles that mimic the distribution of TC intensities in the
real world. Further work is necessary to define the critical thresholds that can be used for the probabilistic
forecasting of RI and RW specifically.

A potential caveat of this analysis is that our equations in their present form rely on a hydrostatic assumption
in the vertical direction. The multiscale energetics really tell us the aggregate manifestation of organized
and disorganized convection. The hydrostatic assumption is acceptable at a vortex scale since the overturn-
ing secondary circulation is in hydrostatic balance (Smith et al., 2005). However, locally, the hydrostatic
assumption is bound to be violated. We seek to reformulate the equations in a nonhydrostatic sense in a
follow-up study.

In summary, the conceptual framework presented here is a step toward an improved understanding and
probabilistic forecasting of stochastic (rapid) intensity changes experienced by TC vortices.
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